Natural recolonization by large carnivores has rarely been documented. American black bears (Ursus americanus) recently (1988-present) recolonized portions of their former range in western Texas. We used mtDNA sequence data (n ¼ 144 bears) from 7 populations of southwestern black bears in New Mexico, Texas, and northern Mexico to test predictions regarding metapopulation structure of the species in this region and the source of recolonization in western Texas. Six variable nucleotides were detected, resulting in 5 mtDNA haplotypes. Although within-site diversity of haplotypes (h) and nucleotides (p) was low, a high degree of genetic partitioning among sites was detected (/ ST ¼ 0.6301). Analyses pinpointed northern Mexico as the source of black bears for western Texas. Female-mediated gene flow is proceeding slowly in this system (N f m ¼ 0.4961 individuals/generation), but its occurrence was inferred via field observations. Nested clade analyses indicated that populations of bears in the Mexico-Texas region (area that encompasses mountain ranges within Nuevo Leon and Coahuila, Mexico, northward to smaller ranges located in the Trans-Pecos region of western Texas) were connected via restricted gene flow due to isolation by distance. Long-distance colonization is the likely cause of extant geographical associations between New Mexican and Mexico-Texas populations. The naturally fragmented, xeric environment of the Chihuahuan Desert impedes colonization, but is not a complete barrier to this process. Conservation initiatives concerning recolonization by black bears within the MexicoTexas mainland-island metapopulation should focus on preventing human-bear interactions and maintaining corridors for dispersal between the mainland populations in Mexico and the island populations in western Texas.
Natural recolonizations are rarely documented in large terrestrial mammals, especially carnivores (Forbes and Boyd 1996; Mladenoff et al. 1995) . With ever-increasing anthropogenic fragmentation of wild habitats, unpredictable political policy making, and negative attitudes frequently associated with predators, it is imperative that researchers gain knowledge from recolonization events that did not require direct anthropogenic catalysts.
A limiting factor concerning the recolonization of former range by a species is the proximity of suitable habitat to a reproductively viable population. Additionally, females must be capable of dispersing to the former range and be reproductively successful. Documented natural recolonizations by gray wolves (Canis lupus) in the northern Rocky Mountains and northern Minnesota have been facilitated by the behavior of female wolves that disperse long distances (Boyd-Heger and Pletscher 1999) , and habitat corridors between Canada and the United States containing suitable and contiguous habitat (Forbes and Boyd 1996; Mladenoff et al. 1995) . Although female black bears (Ursus americanus) rarely (7%) disperse from their natal areas (Elowe and Dodge 1989; Rogers 1987; Schwartz and Franzmann 1992) , with only 1 documented dispersal event .15 km (Maehr 1997) , black bears have recently recolonized fragments of their former range in the western Texas portion of the Big Bend ecosystem (Onorato and Hellgren 2001) . This ecosystem spans the Texas-Mexican border, and black bears appear to be organized as a metapopulation in the region (Onorato and Hellgren 2001 ). Dispersal events between populations are not facilitated by contiguous habitat or hospitable corridors. Instead, island populations in western Texas occur in a matrix of Chihuahuan Desert that inhibits dispersal by black bears. Environmental barriers within the Big Bend ecosystem coupled with the low intrinsic rate of female dispersal by black bears highlight the unlikely nature of a natural recolonization.
We hypothesized that black bears in the Big Bend ecosystem were organized as a mainland-island metapopulation (Hanski and Simberloff 1997) with populations in western Texas recolonizing from Mexico. We tested 2 predictions of this hypothesis: (1) black bears in Big Bend National Park (NP) are more closely related to putative source populations in Mexico than to more distant populations in New Mexico; and (2) black bears in the metapopulation show evidence of genetic structuring. We assessed levels of genetic differentiation and femalemediated gene flow among 7 populations of southwestern black bears. To address this objective, we sequenced approximately 555 base pairs (bp) of the mitochondrial genome encompassing the 39 portion of the cytochrome b (Cytb) gene and the 59 end of the control region. We also used nested clade analyses to evaluate mechanics behind the natural recolonization process within this metapopulation and to decipher the source of recolonizers. The significance of this study relates to the increasing difficulty associated with the reintroduction of large carnivores in the United States (Federal Register 2001) . If the present political climate concerning the reintroduction of large carnivores continues, natural recolonizations may become the only means by which such reintroductions occur. Therefore, a better understanding of the metapopulation dynamics, genetic structure, and processes responsible for successful natural recolonizations should provide insight into the effective management of ecosystems to facilitate recolonizations and conservation initiatives for black bears and other large carnivores.
MATERIALS AND METHODS
Sampling sites.-All samples were collected between 1991 and 2001. Concurrent fieldwork and tissue collection (n ¼ 31) were conducted in Big Bend National Park (Big Bend NP in Fig. 1 Fig. 1 ). This region contains suitable habitat at lower elevations (900-1,400 m) approximately 40 km northeast of the Chisos Mountains of Big Bend National Park. Most of the terrain between Big Bend National Park and the Black Gap Wildlife Management Area (Black Gap) is lowland desert that could serve as a deterrent to migration between the 2 populations. We did not document any migrations or dispersals by radiocollared animals between these study areas during field seasons between 1998 and 2001.
Tissue samples (n ¼ 65) also were obtained from larger, more contiguous ranges found in northern Coahuila, Mexico. Two mountain ranges known to support large populations of black bears are the Serranias del Burro (Burros) and Sierra del Carmen (Carmens) Mountains. Elevations can exceed 2,400 m in the Carmens. Additionally, we obtained tissue samples (n ¼ 4) from the Sierra Madre Mountains (Madres) near Monterey, Mexico. Six samples were collected throughout the Trans-Pecos region of Texas (Fig. 1) . These individuals were sampled after vehicle collisions or during relocation after nuisance complaints. Although this may make the delineation of these individuals as a ''population'' suspect, we feel that these animals should be grouped together because reproductively viable populations are not currently present in the habitats where these samples were collected (Taylor 1999 ). This notion is further supported because only 1 of the 6 bears assigned to this ''population'' was a reproductive female. Therefore, these samples can be categorized as dispersing or colonizing animals in historic habitat within western Texas. No samples were collected from the northern portion of the Trans-Pecos because of logistical constraints and lack of evidence for the presence of black bear populations in that region. A very small population (6-8 bears) may reside in the Guadalupe Mountains along the border of southeastern New Mexico (Taylor 1999) Fig. 1 ) of west-central New Mexico during a longterm black bear study by the Hornocker Wildlife Institute (Costello et al. 2001) were analyzed for comparative purposes to determine how closely related bears from this region are to those found in the Mexico-Texas populations. In terms of available habitat, the Mogollon Mountains (Mogollons) are more similar to the larger ranges found in Mexico. This study area is primarily in the Gila National Forest, and elevations range from 1,750 to .3,000 m.
DNA sequencing.-Blood and tissue samples were either stored frozen (ÿ208C) or in lysis buffer (Longmire et al. 1997) . Whole genomic DNA was extracted using the phenol extraction method described by Longmire et al. (1997) . An approximately 555-bp mtDNA fragment containing a portion of the 39 end of the cytochrome b gene (nucleotides 1-111) and 59 end of the d-loop (nucleotides 247-555) was amplified via the polymerase chain reaction (PCR) using primers L15774 and H16498 (Shields and Kocher 1991) . Amplifications were performed in 50 ll reactions using 0.44 lM of each primer, 2 mM MgCl 2 , 0.8 mg/ml bovine serum albumin, PerkinElmer 10X PCR buffer (10 mM Tris-HCl pH 9.0, 50 mM KCl and 0.1% Triton X-100), 140 lM each dNTP, 1.25 units of PerkinElmer AmpliTaq DNA polymerase and ;250-500 ng of DNA. Cycling parameters were 1 cycle of 958C for 10 min; 30 cycles of denaturing at 948C for 60 s, annealing at 508C for 60 s, extension at 728C for 60 s, followed by a single 30-min final extension. Resulting amplicons were electrophoresed through a 1.5% Tris-boric acid-EDTA(TBE) agarose gel stained with ethidium bromide and visualized with exposure to ultraviolet light. Amplicons were purified using the Wizard PCR Prep DNA Purification System (Promega, Madison, Wisconsin).
Both strands of the amplified products were sequenced using flanking primers and cycle sequencing according to manufacturers' instructions (BigDye, Perkin-Elmer Applied Biosystems, Foster City, California). Cycling parameters were as follows: 25 cycles at 968C for 10 s, 508C for 5 s, and 608C for 4 min. Sequence products were electrophoresed on a Perkin-Elmer Applied Biosystems 377 Automated Sequencer. The computer program AssemblyLIGN 1.0.9 (Oxford Molecular Group PLC, 1998) was used to assemble contiguous, overlapping fragments within individuals, and a multiple sequence alignment of all individuals was performed using CLUSTALX software (Jeanmougin et al. 1998 ). The multiple sequence alignment was subsequently imported into the MacClade computer program (Maddison and Maddison 2000) for visual inspection and to group sequences into unique haplotypes using the REDUNDANT TAXA option.
Data analysis.-Estimates of haplotype (h) and nucleotide (p) diversity, the extent of sequence variation partitioned among sites and among groups (analyzed via a hierarchical examination of / ST using a grouped analysis of molecular variance or AMOVA), population comparisons (pairwise difference / ST ), and overall / ST were calculated using ARLEQUIN software version 2.0 (Schneider et al., in litt.). Deletions were treated as a 5th character state and transitions and deletions were weighted equally in analyses. Number of estimated female migrants (N f m) per generation was determined from the approximation N f m ¼ ([1// ST ]ÿ1)/2. These data were used in conjunction with life table parameters (Hellgren and Vaughan 2000) to estimate a generation time (Akçakaya et al. 1999) and recolonization rates within this metapopulation.
Nested phylogeographical analyses were applied to nucleotide sequence data using the method of Templeton (1998) . The software program TCS, version 1.13 (Clement et al. 2000) was used to generate a haplotype genealogy following the algorithm of Templeton et al. (1992) . Any ambiguities concerning tip or interior status in the resulting genealogy were resolved using haplotype frequency data. Rare haplotypes typically occur at the tips of cladograms, while more common haplotypes are found preferentially at the interior position (Crandall and Templeton 1993; Templeton and Sing 1993 ). The haplotype network was then manually nested into successional clades, with haplotypes representing 0-step clades and adjacent haplotypes joined by a single mutation event considered 1-step clades etc. (Templeton et al. 1995) .
The resulting nested clade design and geographic distance between all pairs of populations were analyzed using the GeoDis 2.0 software package (Posada et al. 2000) . Following the protocol of Templeton et al. (1995) , sample locations were treated as categorical variables that are analyzed via exact permutational contingency tests calculated in a nested routine for each clade. Chi-square analyses were completed on the contingency tables comparing clades and geographical locations. More intricate analyses using actual geographic distances between populations were completed within the computer program GeoDis (Posada et al. 2000) . Distance statistics produced include within clade (D c : geographical distribution of the haplotypes within a clade) and between clade (D n : distance between haplotypes in a clade relative to those within the nested clade) distances (Templeton et al. 1995) . A Monte Carlo procedure was used to determine if D n and D c were larger or smaller than expected at each level within the nested clade, thereby rejecting the null hypothesis of no geographical association. A thousand random permutations were completed in GeoDis to make statistical conclusions at the 5% level (Posada et al. 2000) . Significance of values for geographic distances within clades and nested clades (whether greater or smaller than expected) were interpreted in a biological perspective via an inference key (Posada et al. 2000 ; http://bioag.byu.edu/zoology/crandall_lab/dposada/ documents/NCA-key(24Oct01).pdf).
RESULTS
Haplotype distribution.-Mitochondrial DNA sequence data were obtained from 144 black bears collected from 7 different southwestern populations. Sequences are deposited in GenBank under accession nos AY334363-AY334367. Six variable nucleotide positions out of 555 bp resulted in the delineation of 5 haplotypes. Variable sites included 4 transitions and 2 insertion-deletion events (Table 1) . Two transitions occurred within the cytochrome b gene (base pairs 1-111) while the remaining variation was located within the control region (base pairs 247-555). 
Haplotype distribution was variable within and among the 7 analyzed populations (Fig. 2) . The B haplotype was dominant in the Mexican populations, whereas the A haplotype predominated in Big Bend NP. All females, their offspring, and males ,2 years old in Big Bend NP expressed haplotype A. The New Mexico population contained only the D and E haplotypes. Trans-Pecos specimens contained all haplotypes except E. Haplotype and nucleotide diversities were low for all populations analyzed except those specimens within the Trans-Pecos population ( Table 2 ). The AMOVA depicted a high level of genetic structuring (/ ST ), with 63.01% of the genetic differentiation being ascribed to differences among sampling localities.
Pairwise / ST comparisons revealed that bears from Big Bend NP and the Mogollons exhibited a higher (P , 0.002) degree of genetic differentiation when compared to the other 5 sampled localities (Table 3) . Proportion of genetic variation attributable to within-site variation (27.95%) and among sites within regions (28.45%) was lower than the variation between New Mexico and the Mexico-Texas populations (43.60%).
The number of female migrants per generation necessary to maintain the current degree of genetic structuring among populations ranged from 0.11 to ' (Table 3 ). The number of dispersing females per generation necessary to maintain the overall / ST (0.6301) was 0.294.
Nested clade analysis.-The haplotype network and nested design developed using the software program TCS and manual techniques resulted in a simple cladogram (Fig. 3i) that depicted haplotypes A, C, and E as tip clades, whereas D and B were classified as interior clades. An ambiguous relationship between clades 1-1 and 1-2 (Fig. 3ii) was resolved using haplotype frequency data (see methods). Since haplotype C was found in only 1 animal (this sample was sequenced 3 times to check the validity of the haplotype), it has a very low probability of being designated an interior haplotype. Therefore, the connection between haplotype C and E is not strongly supported while the alternate connection between haplotype B and D is. The resulting figure demonstrates the most parsimonious network of 10 steps or fewer that has a .95% probability of being correct (Fig. 3ii) .
Nested contingency analyses of geographical associations deciphered using GeoDis were significant for 2 of the 3 clades analyzed. Results incorporating geographic distances for the nested clade analyses (Fig. 4) and their interpretation using the most recent inference key suggested a process of restricted gene flow with isolation by distance in the Mexico-Texas populations and panmixia within the population in New Mexico (Table 4) .
DISCUSSION
Our results supported both of our predictions regarding organization and mechanics of the putative metapopulation of black bears in the Mexico-Texas border region. We documented low overall genetic variation, but a high degree of differentiation among these populations of southwestern black bears. This differentiation was a result of restricted gene flow among populations, likely due to the harsh desert environment surrounding montane habitats. Our analyses also have demonstrated that the larger, mainland populations in northern Coahuila, Mexico are the probable sources of colonizers for areas of Texas in the Big Bend Ecosystem.
Only 5 haplotypes were identified among 144 black bear samples for a 555 bp portion of the mtDNA control and cytochrome b regions. Similar studies conducted on the mtDNA genome typically exhibited more haplotypes (7-8) even with smaller (n ¼ 18-37) sample sizes (Paetkau and Strobeck 1996; Wooding and Ward 1998) . Nucleotide variability also was lower in our study than in others from the literature (Paetkau and Strobeck 1996; Stone and Cook 2000; Wooding and Ward 1998) . These differences can partly be attributed to the fact that samples in these previous studies included bears collected over Pelton and van Manen 1994) . Additionally, the recent recolonizations by black bears within Big Bend NP and Black Gap (Onorato and Hellgren 2001) were likely initiated by single, dispersing females from northern Mexico. These matriarch females and their offspring would comprise a majority of these small populations and result in a high level of relatedness within these regions. The combination of high levels of relatedness and small population sizes would ultimately result in low effective sizes in these 2 populations. Southwestern black bears exhibited an overall high level of genetic structuring among sampling localities (/ ST ¼ 0.6301).
Comparably, large mammals such as jaguars (Panthera onca) and right whales (Eubalaena australis) exhibit much lower levels of genetic differentiation (/ ST ¼ 0.3000 and 0.1570 respectively) among subpopulations (Baker et al. 1999; Eizirik et al. 2001) . Wolverines (Gulo gulo) exhibit a similarly high degree of genetic structuring (/ ST ¼ 0.5360) in portions of their range in northern Canada (Wilson et al. 2000) . The genetic partitioning among populations of black bears in the Mexico-Texas region and New Mexico suggest a pattern of male-mediated gene flow that has resulted in the structuring among populations. This conclusion is supported by the dominance of the A haplotype in Big Bend NP (all females and all males ,2 years old), with the B haplotype present only in males .2 years old.
Pairwise comparisons of / ST values for the 7 populations analyzed demonstrated the uniqueness of the Big Bend NP and New Mexican populations. These 2 populations were genetically differentiated from all other analyzed populations of southwestern bears except the Madres population. From a conservation perspective, these analyses indicate the importance of these 2 populations in maintaining genetic variation within this region of the distribution of black bears in North America.
The recolonization of the Chisos Mountains in Big Bend NP by black bears required .40 years to occur (Onorato and Hellgren 2001) . Using a generation time of 6.27 years (see methods) and estimates of average female-mediated gene flow, we estimate that 1 reproductive female migrates between populations every 20 years. Because this calculation used data from New Mexico, this rate is underestimated when considering the metapopulation dynamics solely at work in the Mexico-Texas populations (because we failed to observe exchange of female migrants between the New Mexico and Mexico-Texas regions). Therefore, the / ST value was calculated for the Mexico-Texas populations separately. The resulting value (0.4961) indicates that it will require 1 reproductive female migrant among Mexico-Texas populations every 12 years (or 2 bear generations) to maintain currently observed levels of genetic differentiation. Significance levels for / ST comparisons were determined using the Bonferroni correction for pairwise comparisons. Asterisk indicates value is significantly different from 0 at P , 0.002. See Fig. 1 
3.-Haplotype networks developed using maximum parsimony for phylogeographic comparisons of black bears. The manually derived nesting scheme i) for the haplotype network developed using the program TCS and ii) the representation of this network overlaid on the geography of the region. The ambiguous loop that was resolved using the protocol of Crandall and Templeton (1993) is denoted via the dashed line.
Whether reproductive females move among Mexico-Texas populations at such a temporal scale is difficult to verify, but historical evidence suggests that it is possible. During the .40-year absence of a reproductively viable population of black bears from Big Bend NP, 2 observations of females with cubs were recorded (autumn 1969 (autumn and autumn 1978 (autumn -Skiles 1995 . Neither of these observations was followed by later evidence of residency. A female with cubs, followed by residency and subsequent reproduction was observed in 1988 (Skiles 1995) . Our field observations during a probable mast failure verified movement of female bears from Big Bend NP back into Mexico in fall 2000 (Onorato et al. 2003) . Factors responsible for spurring these migrations are likely fluctuations in food availability within and surrounding the Park.
There are some innate problems with estimating gene flow and migration and/or dispersal via indirect measures such as / ST (Whitlock and McCauley 1999) . In translating / ST to N f m, several of Wright's island-model assumptions (1931) can be violated. Among these is the assumption that all populations in an island model contribute equally to the pool of dispersing animals between populations. Such a violation may lead to the underestimation of migration and/or dispersal rates (Whitlock and McCauley 1999) . Nevertheless, assessment of direct measures of gene flow (recorded dispersal events via telemetry, direct observation of migrating and/or dispersing individuals) may help substantiate the use of indirect measures to predict N f m (Whitlock and McCauley 1999) . We believe that our historical and recent direct observational data (described above) ascribe to these criteria and give credence to our N f m estimate.
Nested clade analyses imply that the clade of Mexico-Texas populations (clade 1-1) has been impacted by restricted gene flow due to isolation by distance. This conclusion accurately describes the circumstances that are presently at work in this system. As discussed previously, ecological and genetic data lead us to deduce that gene flow occurs between Texas and populations in northern Mexico. However, the 40-km distance between patches of suitable bear habitat and the intervening matrix of unsuitable desert limits dispersal and gene flow, resulting in the genetic structuring presently observed in the Mexico-Texas region.
Nested clade analysis denotes an inconclusive outcome in regard to analyses between the Mexico-Texas and New Mexico populations. This conclusion demonstrates 1 of the weaknesses of parameter estimation methods such as the nested clade analysis. Although this method is considered to be statistically robust, it does not assess the error associated with the derived inferences and provides minimal consideration of more complex phylogeographic accounts (Knowles and Maddison 2002) . Nevertheless, interpreting the haplotype network and its association with the geographical distribution of haplotypes can lead to 2 interesting hypotheses involving long-distance colonization. Long-distance colonization during the Pleistocene epoch was likely facilitated during periods of glaciation that occurred on several occasions. Cooler climates and more suitable habitat in the southwestern United States would have increased the prospect of long-distance colonization from New Mexico into western Texas (Elias 1997) . Today, such a colonization event is unlikely due to the desert conditions between the montane islands of New Mexico and the Mexico-Texas region. However, male bears appear to be capable of extensive dispersal. An individual killed in a vehicle collision in Fort Hancock, Hudspeth County, Texas was a male with haplotype D (Fig. 2) . This individual was .300 km from the Mogollons of New Mexico, but near some lower-elevation ranges in northeastern Chihuahua. Another scenario could involve the colonization of western Texas and Mexico from populations of black bears from eastern North America. Our analyses do not permit us to eliminate 1 of these hypotheses. This will require additional phylogenetic analyses using sequence data from across the distribution of black bears to decipher whether Mexico-Texas populations are more closely related to bears from the western or eastern United States.
The importance of intraspecific genetic variation cannot be overlooked when dealing with conservation issues, especially when involving species that typically maintain low population levels and have low fecundities. This variation is even more 1996) and they were consequently listed as an endangered species. Development in Chihuahuan Desert habitat is not occurring at a rapid pace and does not pose a threat at this time.
Continued educational efforts of state and federal agencies will hopefully demonstrate to private landowners that these animals can coexist with livestock in the area. Our designation of the Trans-Pecos group as a ''population'' may be problematic as previously described. The fact that only 1 of the 6 bears allocated to this population was a female agrees well with the accepted pattern of male-mediated dispersal in black bears and the lack of a reproductively viable population in this region. Nevertheless, bears collected over this broad area expose interesting conservation perspectives for black bears in the southwestern United States and Northern Mexico. Although the sample size was very low, this region contained bears that exhibited 4 different haplotypes. Bears appear to be occasionally dispersing into western Texas from the north (New Mexico) and the south (Coahuila, Mexico) as evidenced by the presence of haplotypes A, B, and D. Although no reproductively viable population is presently known to exist in the Trans-Pecos region north of Big Bend NP, it appears that if or when such a population is established (with the residency of reproductively active female black bears in the area), there is the likelihood for a high amount of haplotypic variation within such a new population.
Poaching may occur in Mexico and to a lesser degree on private land in the Trans-Pecos northeast of Big Bend NP (S. H. Sorola, Texas Parks and Wildlife Department, pers. comm.). Prevention of poaching in Mexico will be difficult due to the remote nature of ejidos (communities that rely on agriculture for subsistence and were initiated in the 1950s as communes for city dwellers who wished to work the land) and the economic plight of the people in this region. Several governmental agencies in Mexico are working with ejido landowners to educate residents of the value of black bears to their natural heritage and of the laws that must be upheld in that region. The prospects from these efforts appear good, especially with the recent designation of large tracts of the Carmens range as a private wildlife refuge (El Carmen Refuge) and the continued cooperation of area ranchers in providing habitat for bears on their lands (B. R. McKinney, Technical Wildlife Coordinator, El Carmen Project, Cementos Mexicanos, Coahuila, Mexico, pers. comm.) .
Our research has indicated that long-distance colonization may be responsible for the extant genetic differentiation within these southwestern populations of black bears. We speculate that dispersal of bears from either New Mexico or the eastern United States was responsible for the colonization of this species within this portion of their distribution. The divergence between New Mexico and Mexico-Texas populations is a consequence of the changing climates that impacted present-day xeric systems from this region. The endemic qualities of the A, B, and C haplotypes to the Mexico-Texas region may have conservation implications for southwestern black bears, and measures should be taken to insure that these haplotypes are preserved.
